Hexaalkylguanidinium-based room-temperature ionic liquids were investigated as solvents for the cyclopropanation of styrene with diazoacetates catalyzed by Rh 2 (OAc) 4 or [Ru 2 (µ-OAc) 2 (CO) 4 ] n . While the yields of the formed cyclopropanes are much lower compared to the reactions performed in dichloromethane, the diastereomeric ratio is not significantly affected by the change of the reaction medium. Immobilization of the catalysts is only partially successful. In contrast to this intermolecular reaction, the Ru-catalyzed formation of a β -lactam by an intramolecular carbenoid C-H insertion of an α-methoxycarbonyl-α-diazoacetamide occurs in high yield, similar to the Rh 2 (OAc) 4 -catalyzed reaction. The cis → trans isomerization of the resulting 1-tert-butyl-3-methoxycarbonyl-4-phenylazetidin-2-one is accelerated in the ionic liquid N,N-dibutyl-N ,N -diethyl-N ,N -dihexylguanidinium triflate.
Introduction
Ionic liquids (ILs) have recently been introduced as novel solvents for the purposes of organic synthesis [1] . Catalytic transformations have emerged as an attractive area of application [2] , mainly for two reasons: a) many of the catalytically active (transition) metal salts and complexes have a good solubility in ionic liquids, and b) catalysts can be immobilized and re-used in the ionic liquid while the other components of the reaction mixture are extracted into a solvent that is not miscible with the ionic liquid.
Metal-catalyzed transformations of diazo compounds constitute an important strategy in contemporary organic synthesis [3] . Several typical transformations of diazo compounds, such as cyclopropanation, aziridination, C-H and X-H (X = O, N) insertion, and ylide formation, in the presence of copper [4 -8] , rhodium [4d, 9 -12] , palladium [13] , iron porphyrin [14] , or gold [15] catalysts, have been carried out in ionic liquids, mostly under the aspect of catalyst immobilization. Almost all of these studies used ionic liquids based on 1-alkyl-3-methylimidazolium ions. Afonso and coworkers briefly mentioned the rhodium-catalyzed intramolecular C-H insertion of c 2012 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com α-diazo-α-phosphonoacetamides in a hexaalkylguanidinium ionic liquid [16] .
We have recently developed an interest in the synthesis and properties of hexaalkylguanidinium-based ionic liquids [17] . In continuation of our preceding work on carbenoid transformations of diazo compounds catalyzed by dinuclear ruthenium(I,I) complexes [Ru(CO) 2 -(µ-L 2 )-Ru(CO) 2 ], where L represents a bidentate acetate or amidate ligand [18, 19] , we have now studied such reactions in hexaalkylguanidinium-based ionic liquids. A comparison is made with analogous rhodium-catalyzed reactions and with reactions in an imidazolium-based ionic liquid as well.
Results and Discussion
The molecular structures of the hexaalkylguanidinium-based r. t. ionic liquids used in this study are shown in Fig. 1 6 ), a widely used ionic liquid, was taken for a comparison in some cases. 
Catalytic cyclopropanation of styrene with diazoacetates
The catalytic cyclopropanation of styrene with methyl or ethyl diazoacetate (Scheme 1) affords 2-phenylcyclopropanecarboxylates 1 and usually the dialkyl fumarates and maleates 2 as by-products. This benchmark reaction has been used in the past to evaluate the effectiveness and efficiency of virtually all available catalysts. For this reaction and with the structurally related dinuclear complexes [Ru 2 (µ-OAc) 2 -(CO) 4 ] n and Rh 2 (OAc) 4 as catalysts, we have now checked the suitability of hexaalkylguanidinium ILs as novel reaction media. A solution of the diazoacetate in styrene was added gradually to the IL containing styrene and the catalyst. The reactions were allowed to go to complete consumption of the diazo compound. After extraction of the organic products into diethyl ether, the product yields and the diastereomeric ratios of cyclopropanes 1 were determined from the 1 H NMR spectra as well as by GC of the crude product mixtures. The results are shown in Table 1 , together with some data from the literature.
For both the rhodium-and the ruthenium-catalyzed reactions, the cyclopropane yields obtained in ionic liquids as reaction media fall far behind those of the reactions in dichloromethane. This may be due in part to the limited solubility of the catalysts in the ionic liquids. At the given concentration, Rh 2 (OAc) 4 OTf (entry 6) at the same temperature, although the former is a much more viscous oil. All these observations may result from the combined influence of catalyst solubility and viscosity of the reaction medium.
For all reactions, the diastereomeric ratio cis-1 : trans-1 (Z-1 : E-1) is found in a rather narrow range (from 34 : 66 to 43 : 57), i. e., almost independent of the solvent and the reaction temperature. This is in agreement with a large body of literature data, showing that the diastereoselectivity of cyclopropanation can be controlled to some extent by the catalyst (ligands and structure) [23, 24] , but not so much by the choice of solvent. Therefore, we were intrigued by a publication, in which the Rh 2 (OAc) 4 -catalyzed cyclopropanation of styrene in the ionic liquid [bmim]PF 6 was reported to give cyclopropanes 1 with an unusually high trans-selectivity of cis : trans = 10 : 90 (Table 1, entry 11) [10] . We cannot confirm these data; under the reported conditions, we found a diastereomeric ratio of 42 : 58 (Table 1 , entry 12), in agreement with the general experience, the results of our rutheniumcatalyzed reactions, and another recent study [12] , where [hmim]PF 6 was used as the ionic liquid. Experiments with MDA instead of EDA (entries 15 and 16) made sure that this minor change of the ester group does not affect the diastereomeric ratio, as was already known for reactions in traditional organic solvents.
In order to learn whether the ruthenium catalyst could be immobilized in the ionic liquid Table 2 . Re-use of the Ru-catalyst/ionic liquid solution (see Table 1 , entries 3 and 4). [N11N22N44]OTf and the catalyst/IL combination could be re-used, we removed the organic products of the cyclopropanation reaction by several extractions with ether. The IL/catalyst combination was then reused in five successive reaction cycles. The reactions were performed at a temperature where the catalyst was completely dissolved in the presence of the diazoester (see above). As Table 2 shows, the cyclopropane yields dropped sharply already in the second and third reaction cycle. This is partly due to leaching of the catalyst in the ether phase and partly to decomposition of the catalyst under the reaction conditions, as was indicated by a progressive dark coloration of the IL from one cycle to the next. Significant leaching has already been reported for Rh 2 (OAc) 4 in [hmim]PF 6 upon extraction with ether and toluene [12] .
Intramolecular carbenoid C-H insertion of an α-methoxycarbonyl-α-diazoacetamide
The rhodium-or ruthenium-catalyzed decomposition of α-diazocarboxamide 3 (Scheme 2) in toluene at 70 • C yields β -lactam 4 in high yield [19b, 25] . The lactam results from an intramolecular carbenoid C-H insertion. With the hypothesis in mind that the Scheme 2. β -Lactam formation by intramolecular carbenoid C-H insertion. effectiveness of an intramolecular carbenoid reaction would not be affected by the viscosity of the reaction medium as much as an intermolecular reaction, we studied the outcome of these reactions using the guanidinium-IL [N22N44N66]OTf (Fig. 1) as the solvent. The same catalysts as in our previous study [19b] were used. The results are shown in Table 3 . It can be seen that replacement of toluene by the ionic liquid entails longer reaction times, although the catalysts were completely dissolved at the reaction temperature of 70 • C and in the presence of the diazo compound. Notably, as in the reaction in toluene as the solvent, the yield of the rhodium-catalyzed reaction is still almost quantitative, and the decrease in yield of the ruthenium-catalyzed reactions is much less severe than in the case of the intermolecular cyclopropanation reaction discussed above. Interestingly, the complex Ru 3 (CO) 12 , a synthetic precursor for the saccharinate complex, can also be used as a catalyst in the ionic liquid with moderate success. The most interesting detail in Table 3 is the influence of the ionic liquid on the cis : trans ratio of the methoxycarbonyl-substituted β -lactam 4. The initial formation of cis-3-alkoxycarbonyl-azetidin-2-ones in the course of the carbenoid reaction is well known [19b, 25, 26] . We have reported earlier that the cis : trans ratio depends somewhat on the catalyst, and that the amount of the trans-isomer increases with extended reaction times [19b] . Surprisingly, the cis : trans ratio is completely reversed in favor of a high transselectivity, when the reaction is carried out in the ionic liquid [N22N44N66]OTf. Even the addition of a small amount of this IL to toluene as the reaction medium apparently causes the amount of the trans-isomer to increase (entry 3). Additional experiments were made to shed light on the particular role of this ionic liquid on the isomerization cis-4 → trans-4. No isomerization occurred in CDCl 3 or C 6 D 6 (25 • C/9 h), after addition of a drop of triflic acid (HOTf) or water to the CDCl 3 solution, or in toluene that contained Rh 2 (OAc) 4 (70 • C/22 h, correspondig to the reaction conditions for the formation of 4). Partial isomerization took place during chromatography over silica gel or neutral alumina (toluene as eluent), as well as in the solid state (from 90 : 10 to a stable ratio of 68 : 32 after 150 h). The effect of the ionic liquid was confirmed on a 90 : 10 mixture of cis-and trans-4, which was obtained by Rh 2 (OAc) 4 -catalyzed decomposition of diazoamide 3 in toluene (see Experimental Section). When this mixture was dissolved in an ionic liquid, the cis : trans ratio after 2.5 h at 70 • C was 3 : 97 in [N22N44N66]OTf, 22 : 78 in 1-ethyl-3-methylimidazolium ethylsulfate, but 82 : 18 in 1-ethyl-3-methylimidazolium methanesulfonate. It appears that both the ionic liquid itself and, as the results with the two emimbased ILs show, the nature of the anion have an influence on the epimerization process. A straightforward explanation cannot be given. It is plausible that the cis → trans isomerization of 4 is the result of an epimerization at C-3, either via the enol or the enolate form of the 1,3-dicarbonyl moiety. Proton catalysis does not seem to be at work, and general base catalysis by the anion of the ionic liquid can likely by excluded because the triflate-contanining IL gives the highest amount of trans-4 unter the conditions described above, although the triflate anion is a weaker base than the ethyl sulfate and methanesulfonate anions. In this context, studies of the keto/enol equilibrium [27] and of the base-catalyzed keto/enol tautomerization [28] of 2-nitrocyclohexanone in ionic liquids compared to common organic solvents are of interest. For example, the authors have concluded that the considerable rate acceleration of the keto-enol interconversion in certain ionic liquids is not due to a special ionic liquid effect. Taking into account not only the permittivity of the solvent, but also the additional solvent parameters of dipolarity/polarizability, hydrogen bond acidity, and cohesive pressure, a reasonable linear correlation between experimental and calculated rate constants could be found for all investigated solvents [28] . For the transformation 3 → 4, the possibility to reuse the catalyst immoblized in [N22N44N66][OTf was also investigated. To this end, the reaction was carried out with 3 mol-% of catalyst at 70 • C for a fixed time of 2.5 h; after cooling, the ionic liquid was extracted ten times with pentane. This procedure was repeated in five successive reaction cycles. As indicated by a slight coloration of the pentane extractsgreen in the case of Rh 2 (OAc) 4 and yellow in the case of [Ru 2 (µ-sac) 2 (CO) 5 ] 2 -some leaching from the IL in the pentane phase took place with both catalysts. As the pure catalysts are not soluble in pentane, the leaching is likely caused by their complexation with the extracted β -lactam. With Rh 2 (OAc) 4 , however, the yield of β -lactam 4 remained the same over all reaction cycles. This suggests that the original amount of Rh 2 (OAc) 4 was more than enough for an effective carbenoid reaction. With the ruthenium catalyst, on the other hand, the yield of 4 diminished to half of its initial value over the six reaction cycles, and a similar trend was observed for the conversion of the diazo compound (Fig. 2) . These results indicate that the amount of [Ru 2 (µ-sac) 2 (CO) 5 ] 2 decreased from one cycle to the next (primarily due to leaching, but to some extent also by catalyst deacitvation), so that the available amount of catalyst was no longer sufficient for a fast and effective dediazoniation of the diazoamide.
Conclusion
Two ruthenium-or rhodium-catalyzed carbenoid reactions -the intermolecular cyclopropanation of styrene with alkyl diazoacetates and the intramolecular β -lactam formation from 3-oxo-2-diazocarboxamides -have been performed in hexaalkylguanidinium-based ionic liquids. Compared to tradional organic solvents (CH 2 Cl 2 , toluene), the yields of the intermolecular reaction are much lower, while the intramolecular reactions give high yields in both types of reaction media. This difference may be related to the higher viscosity of the IL hampering the effectiveness of the intermolecular carbenoid reaction.
The immobilization of the catalyst in the ionic liquid is not complete, as the recycling experiments show. Even when the ionic liquid is extracted with the very unpolar solvent pentane, leaching of both the rhodium and the ruthenium catalysts into the pentane phase (probably due to complexation to an organic product) is significant. For the ruthenium catalysts in particular, after a few cycles the amount of catalyst no longer suffices for an efficient transformation of the diazo substrate. These results suggest to modify the rhodium and ruthenium complexes used in this study by the introduction of a hexaalkylguanidinium moiety in order to increase their affinity to the ionic liquid containing the same cation type. However, in a related study [12] it was found that complexation of the dirhodium core to an imidazolium-carboxylate and use of this catalyst in [hmim]PF 6 was less efficient and could not completely suppress the leaching into the organic phase on extractive work-up.
Experimental Section
were synthesized by a published procedure [17] . N,N-Dibutyl-N ,N -diethyl-N -hexyl-N -methylguanidinium iodide ([N16N22N44]I) was obtained from Prof. W. Kantlehner (Hochschule Aalen, Aalen (Germany)) [20] . 1-Butyl-3-methylimidazolium hexafluorophosphate ([bmim]PF 6 was synthesized from [bmim]Cl by anion exchange with KPF 6 [29] . 1-Ethyl-3-methylimidazolium ethylsulfate and methanesulfonate were obtained from Solvent Innovation GmbH. In order to keep the water content of the ionic liquids low, they were treated at 60 • C/0.05 mbar for several hours, then stored under argon. Diazoamide 3 was prepared as published [19b] . [20] (1.09 g, 2.4 mmol) in acetonitrile (10 mL) was placed in a reaction vessel protected from light, and a solution of silver(I) trifluoromethanesulfonate (0.663 g, 2.58 mmol) in acetonitrile (5 mL) was added gradually. Precipitation of AgI be-gan immediately, but after complete addition the mixture was stirred magnetically overnight to improve the crystallinity of the solid. The solvent was replaced by a mixture of acetonitrile and diethyl ether (25 mL, 1 : 4 by volume). The undissolved solid was filtered off, the solvent was evaporated (800 mbar), and the remaining ionic liquid was kept at 80 • C/0.05 mbar to remove residual volatiles. Yield: 1.08 g (93 %). The NMR spectra indicate the presence of hindered rotation in the cation: -1 H NMR (CDCl 3 ): δ = 0.85 -0.98 (several t, partly broadened, 9 H, CH 3 -hexyl, -butyl), 1. Under an argon atmosphere, the catalyst (1 mol-% relative to the diazoacetate; 4.4 mg of Rh 2 (OAc) 4 , 7.1 mg of [Ru 2 (µ-sac) 2 (CO) 5 ] 2 ) and styrene (199 mg, 2.0 mmol) were added to the magnetically stirred ionic liquid (3 mL), which was then brought to the desired temperature. A solution of methyl diazoacetate (101 mg, 1.0 mmol) in styrene (298 mg, 3.0 mmol) was gradually added via a syringe pump during 4 h. The reaction was allowed to continue until IR control (ν(CN 2 ) = 2115 cm −1 ) indicated the complete consumption of the diazoacetate. The products were extracted with dry diethyl ether (3 × 10 mL). The ether extracts were combined, and the solvent was removed at 60 • C/800 mbar. For product analysis, the residue was dissolved in CH 2 Cl 2 (3 mL) and a weighed amount of naphthalene (20 -36 mg) was added as an internal standard. The mixture was analyzed by 1 H NMR spectroscopy (for NMR data of cis-and transmethyl 2-phenylcyclopropane-1-carboxylate see lit.
N,N-Dibutyl-N ,N -diethyl-N -hexyl-N -methylguanidinium triflate ([N16N22N44]OTf)
[18a] and lit. cit.) and by GC (column: Varian CP-WAX 52, 25 m × 0.32 mm; film thickness: 1.2 µm; helium as carrier gas, flow rate 1 mL/min). The results obtained from the two methods were in good agreement.
For the recycling experiments the ionic liquid after completed reaction was extracted with diethyl ether (5 × 7 mL). Phase separation was supported by centrifugation. Before the next reaction cycle, the ionic liquid was kept at 50 • C/40 mbar to remove traces of diethyl ether. 5 ] 2 ) was added. The solution was heated at 70 • C until the diazo compound was consumed (2.5 h, IR control). After cooling, the ionic liquid was stirred with n-pentane (2 mL) for 8 min, and after phase separation the pentane layer was pipetted off. The extraction procedure was repeated nine times. The pentane extracts were combined, and the solvent was evaporated. (Table 3) ; for the determination of yields, a weighed amount of naphthalene was added as an internal reference.
b) in toluene
The reported procedure [19b] was carried out on a smaller scale and with a chromatographic work-up that avoids the partial epimerization of azetidinone 4. A solution of diazoamide 3 (282 mg, 1 mmol) in dry toluene (2 mL) was added within 45 min to toluene (13 mL) containing the catalyst (3 mol-%; 13. 
